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SUMMARY 

In this paper, studies performed at the National Institute of Standards and 
Technology on the model gas sensor system, Pd/Sn0 2 (110) , are reviewed. Adsorption 
and interfacial effects play a primary role in the gas sensing process, as they o 
in catalysis For this reason, we have used a variety of surface sensitive 
techniques in our research, including x-ray and ultraviolet photoelectron _ 
spectroscopies (XPS and UPS), low energy electron diffraction (LEED), and lon 
scattering spectroscopy (ISS) . By combining these complementary techniques with in 
situ gas response (conductance) measurements, we have been able to correlate 
directly sensor activity with the composition and structure of the Pd/Sn 2 
interface Although the intent of this work is develop an understanding of gas 
sensing mechanisms, its relevance to Pt/Sn0 2 catalytic systems is obvious. 


INTRODUCTION 

The electrical conductivity of a semiconducting metal oxide like tin oxide 
(Sn0 7 ) can be altered by adsorption of gases from the ambient. This phenomenon has 
been applied in gas sensing devices fabricated for detection of combustible and 
toxic gases such as hydrocarbons, alcohols, H 2 , CO and N0 X (ref. 1). Many 
commercial sensors use semiconducting Sn0 2 sintered powders or films to which small 
amounts of a catalytic metal, such as Pd, have been added to increase sensitivity 
and selectivity towards specific gases. This type of sensor is essentially 
identical to a supported catalyst, such as the CO oxidation catalysts discussed in 
these proceedings. In gas sensing, however, one is interested in obtaining an 
electrical measure (conductivity change) of the extent that adsorption or reaction 
occurs, rather than a product yield. 

In an attempt to understand the detailed mechanisms involved in gas sensing, 
and to improve sensing measurements, we have conducted step-wise studies on 
simplified, crystalline specimens of Sn0 2 with and without surface-dispersed 
catalytic additives. In this paper, we first briefly summarize results on the 
surface properties of pure Sn0 2 (110). Second, the interaction between a catalytic 
additive, Pd, and the Sn0 2 (110) substrate is discussed. Both the growth mode of 
vapor-deposited Pd on the surface and the electronic interaction between the metal 
and the oxide are considered. Although we have investigated the role of substrate 
defect density on the Pd/Sn0 2 interaction, results here are limited primarily to 
deposition on a nearly ideal, oxidized surface. Third, we report results for 
hydrogen and oxygen adsorption and coadsorption on the 3 ML Pd/Sn0 2 (110) model 
sensor surface. Hydrogen has obvious importance as a gas to be monitored and as a 
dissociation product of hydrocarbons and alcohols, and oxygen is nearly always 
abundant in the sensor ambient (often, air). These gases also provide the simplest 
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reducing and oxidizing environments for understanding mechanistic effects. It is 
worth noting, however, that the mechanistic effects studied in this work can, to a 
large extent, be generalized to other oxidizing and reducing gases, with kinetic 
details being dependent on the particular gas. 

EXPERIMENTAL 


Model Specimens 

In order to isolate various chemical, structural, and additive effects and to 
more clearly evaluate their roles in gas sensing, we chose single crystal tin oxide 
samples for our model studies. The (110) face was chosen because it is the most 
stable, naturally occurring face (ref. 2) and can be expected to be predominant in 
polycrystalline sensing elements. Thus, studies on (110) crystals are particularly 
relevant to the local chemical and electronic effects occurring in real Sn0 2 
sensors. The Sn0 2 sample used in this work was cut from a single crystal needle 
(ref. 3) and was oriented and polished to within 1° of the (110) face. 

To investigate the role of a catalytic additive in sensing, we studied both 
the interaction of palladium with the Sn0 2 (110) surface and its effect on sensing 
response. The Pd was deposited under ultrahigh vacuum (UHV) conditions using a 
filament evaporator to coverages ranging from 0.1 to 30 monolayer equivalents (ML) 
as measured by a calibrated quartz crystal monitor. All Pd depositions were carried 
out with the substrate at room temperature. 

Analytical Techniques 

Since adsorption and interfacial effects play a primary role in gas sensing 
processes, we used surface- sensitive analytical techniques, all housed in a single 
vacuum system, in these studies. By using a variety of techniques we are able to 
monitor surface chemistry (oxide stoichiometry, chemical states of gas and additive 
adsorbates) , atomic structure (crystallite orientation, surface reconstruction) , and 
electronic structure (gap states, band bending, additive- induced density of state 
changes). In addition, in situ conductance measurements were carried out in order 
to correlate the model sensor electronic response to the specific changes in 
chemistry produced by adsorption. 

The multi-technique facility used in this study is represented schematically 
in fig. 1, and is described in refs. 4-5. The system consists of two coupled 
vacuum chambers that can operate over pressures from 10‘ 1X to 10 3 torr. A 
translation/rotation stage was used to move samples back and forth between the two 
chambers, permitting access to instrumentation and test ambients. The results 
presented here were obtained using XPS , UPS, ISS, LEED, and surface conductance 
change measurements . 

XPS, UPS, and ISS spectra were collected in the analysis chamber of the 
vacuum system which is based on the VG ESCALAB MK II (ref. 6). Non-monochromatized 
Mg Ka radiation (1253.6 eV) was used for XPS and an RF discharge lamp was used as a 
He I (21.2 eV) source for UPS. All photoelectron binding energies were referenced 
to the Fermi level. For the ISS, a scattering angle of 130° was set by the fixed 
positions of the ion source and the analyzer. An He + or Ne + ion beam with a primary 
energy (E 0 ) of 1000 eV was used at an incident angle of 50° with respect to the 
surface normal along the (001) azimuth. All XPS, UPS, and ISS spectra were taken 
with the sample at room temperature. In situ conductance changes measurements were 
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made using a retractable, four-point probe similar to one described in detail in 
ref. 7. 


Argon ion bombardment and heating were used to clean and order the surface of 
the Sn0 2 (110) crystal, and its condition was monitored by XPS and LEED. The sample 
mounting and heating arrangements are described in ref. 5. Sample temperatures 
could be controlled between 300 and 1000K, and were measured by a W5%Re/W26%Re 
thermocouple in direct contact with one end of the sample. Pure or mixed gases 
could be introduced at the desired partial pressures (up to 1 atmosphere) from a 
12-port gas manifold. The base pressure was 1X10" 10 mbar in both the preparation 
and the analysis chambers. 


RESULTS AND DISCUSSION 

In order to understand the detailed mechanisms involved in sensing (or 
catalysis) it was necessary to investigate model sensors (oxide- supported metals) 
in a step-wise fashion. That is, we studied 1) the properties of pure tin oxide 
surfaces; 2) the interaction of Pd with the Sn0 2 surface; and 3) adsorption of H 2 
and 0 2 gases; and 4) coadsorption of these gases on the pure and Pd-dosed surfaces. 
In the following discussion, results are also presented, more or less, in this 
order . 


Surface Properties of Clean Sn0 2 (110) 

Tin oxide is an n-type semiconductor which, like TiC> 2 , has a rutile crystal 
structure. The electrical conductivity of Sn0 2 is due to the presence of oxygen 
vacancy defects, and the creation of oxygen vacancies and defect electronic states 
at the clean Sn0 2 (110) surface has therefore been studied in detail (refs. 5,8-10). 
It has been demonstrated that heating sputtered surfaces in UHV can result in the 
formation of well-ordered, oxygen deficient surfaces which exhibit (lxl), 
c (2x2 ) , (4x1 ) , and (1x2) LEED patterns depending upon the annealing temperature 
(refs. 8,10). In addition, the conductance of the disordered sputtered and 
ordered surfaces can vary by more than two orders of magnitude (ref . 8). 

Cox et al (ref. 5) have shown that surfaces with a nearly perfect termination 
of the rutile (110) plane can be formed by in situ oxidation of oxygen deficient 
Sn0 2 (110) at 700K in 1 Torr oxygen. Furthermore, by annealing the oxidized surface 
in vacuum, oxygen vacancies can be produced and their number density and type can 
be controlled by the choice of annealing temperature. In this paper, we discuss 
the effects of Pd when deposited on the nearly stoichiometric, oxidized surface 
formed by heating the sample at 700K in 1 torr of 0 2 for 3 minutes as described in 
ref. 5. This surface should be most representative of a sensor surface since 
sensors generally operate under oxidizing conditions (i.e., in air at elevated 
temperatures) . 


Palladium Deposition on Sn0 2 (110) 

The interaction of palladium with the nearly perfect, oxidized Sn0 2 (110) 
surface was studied by sequential Pd deposition at room temperature (ref. 11). XPS 
Pd 3d and Sn 3d core levels are plotted in figure 2 as a function of increasing 
palladium coverage. While the Sn 3d peaks (figure 2a) are increasingly attenuated 
as the Pd film grows, there are no large binding energy shifts or peak shape 
changes. This suggests that strong chemical interactions are not occurring between 
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Pd and surface Sn atoms. Note, however, that at coverages greater than ~8 
monolayers (ML) , a small shoulder appears on the low binding energy side of the Sn 
3d peaks indicating the presence of a small amount of metallic Sn. We believe that 
this is due to the formation of a Pd-Sn alloy at higher Pd coverages*. 

Unlike the Sn 3d spectra, the Pd 3d peaks (fig. 2b) show a substantial shift to 
lower binding energy as Pd coverage increases. The peaks get narrower with 
increasing 0 Pd (the FWHM goes from 2.10 eV at 0.3 ML to 1.70 eV at >3.0 ML) and by 
8.0 ML, both the lineshape and peak position are very similar to those of a 
palladium foil. This behavior suggests that the palladium film is metallic. A 
metallic overlayer is consistent with the lack of change in the Sn 3d peaks and 
the conclusion that most of the Pd does not strongly react with Sn0 2 . If a sizable 
amount of Pd reacted strongly with the surface, one would expect it to be at least 
partially oxidized. Oxidation would lead to core level broadening and/or higher 
binding energies that are not seen here (see also discussion below) . 

The weak chemical interaction between Pd and Sn0 2 suggested by the XPS results 
is consistent with a clustering growth mode of the Pd overlayer*. To 
confirm that clustering of Pd occurs on Sn0 2 (110), Ne + ISS experiments, which probe 
the top surface layer, were performed at various coverages. The results are shown 
in figure 3. To avoid effects from surface damage due to the Ne + ion beam, ISS 
spectra were not taken after sequential Pd depositions. Instead, the surface was 
cleaned, reoxidized, and Pd was deposited to a given coverage before collecting 
each spectrum. Also, short scanning times were used to minimize beam damage. 

Since ISS provides qualitative information about the composition of the outermost 
layer, one would expect the Sn peak to completely disappear within the first few Pd 
monolayers if layer-by-layer growth occurs. Instead, it is seen in fig. 3, that the 
Sn signal at E = 0.58 E 0 is not completely attenuated until nearly 10 ML, 
suggesting that at least some bare substrate patches are present up to that 
coverage. This implies that initial clustering occurs with lateral growth to fill 
in the bare patches by <10 ML. Thus, both XPS and ISS results are consistent with 
growth by clustering. 

To determine how the development of the Pd/Sn0 2 interface affects the 
electronic and electrical properties of the composite surface, conductance and the 
photoelectron intensity at the Fermi level N(E F ) were monitored as Pd was 
sequentially deposited. Results from these measurements are shown in figure 4. 

The photoelectron intensity at E F , measured with UPS, correlates with the occupied 
density of states at E F . It is, therefore, a measure of the metallic character of 
the overlayer. Figure 4 shows that the Fermi level intensity begins to rapidly 
increase between 1 and 2 monolayers. In contrast, the conductance does not begin 
to rise significantly until 7-8 ML, where it goes up sharply. The differing 
behavior between conductance and the N(E F ), both measures of the metallic nature of 
the overlayer, can also be explained by the clustering growth mode of the Pd film. 
First, if Pd clusters are formed, one would expect to see the kind of rapid rise in 
N(E f ) observed at low coverages, as each of the growing islands takes on metallic 
character. However, at these coverages (< 6 ML), the 4-point measurement is still 
responsive to the underlying substrate conductance since the Pd, although metallic, 
is in isolated clusters. As 0 Pd increases and the clusters grow laterally to 
produce a connected adlayer, conductance should begin to increase; such behavior 
is observed at 7-8 monolayers. Note that this is in the same coverage range where 
the substrate Sn peak disappears in ISS (figure 3), indicating that a continuous 
film has formed. 

*T. B. Fryberger and S. Semancik, Surface Science, work in progress. 
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Model Sensor Response 


In general, the conductivity of Sn0 2 -based sensors increases when exposed to 
reducing: gases (e.g. H, ,C0) and decreases when exposed to oxidizing gases (e.g. 

0 ). In order to better understand the mechanisms which control these conductivity 
changes we have made in situ conductance measurements of the Pd/Sn0 2 (110) model 
sensor in both hydrogen and oxygen atmospheres. A Pd coverage of 3 ML was chosen 
since at this coverage, as discussed previously, the composite surface consists of 
metallic (catalytic) Pd clusters on the essentially unperturbed tin oxide substrate 
(previous work* has shown this to be the optimal configuration for 

electrical response to hydrogen). The 3 ML Pd/Sn0 2 (110) surface was subjected to 
a series of consecutive hydrogen and oxygen exposures while monitoring the 
conductance of the sample, which was held at 400K throughout the experiment ^ 

(ref. 12). The results are shown in figure 5, where conductance versus time is 
plotted. The sequence of steps in this experiment was as follows. 


1) The sample was held in UHV (<8 x 10" 10 mbar) at 400K for several minutes 
to obtain an initial conductance value. It is seen in figure 1 that^ there 
is virtually no drift; the conductance remained constant at 58 x 10 A/V. 

2) The sample was exposed to a constant pressure (10' 5 mbar) of hydrogen for 
6 minutes. This first hydrogen exposure provides a measure of the model 
sensor response in the absence of oxygen (both gaseous/ambient and 
chemisorbed) . The conductance increased steadily during exposure to H 2 ; it 
increased by 47% after 6 minutes exposure at constant pressure. (Further 
exposure time results in a slow upward drift in conductance*.) 

3) The chamber was evacuated to <8 x 10 10 mbar. Upon evacuation, the . 
conductance decreased but did not return to its initial value, indicating 
that the interaction between hydrogen and the surface is not fully 
reversible . 

4) The sample was exposed to 10' 5 mbar of 0 2 causing the conductance to 
decrease to 30% below the starting point (step 1). 

5) The chamber was again evacuated to <8 x 10 10 mbar. Upon evacuation of 
0 2 the conductance did not increase, indicating that the 0 2 interaction with 
the surface is even less reversible at 400K than the hydrogen interaction 
(step 3) . 

6) Steps 2-5 were repeated. The total response to H 2 following 0 2 exposure 
and evacuation (step 6) was more than twice as large as the first H 2 
response (step 2), where no previous oxygen exposure had occurred. In 
addition, the total conductance change occurred within a few seconds rather 
than over several minutes (as seen in the first H 2 exposure) , and the 
response became reversible in the presence of oxygen. 

As shown in figure 5 (step 2), exposure of the 3 ML Pd/Sn0 2 (110) surface to 
hydrogen results in a nearly 50% conductance increase. This can be compared to the 
small hydrogen response (3% increase) for the bare Sn0 2 (110) surface (not shown; 
see ref. 4). The enhancement by Pd is most likely due to a "spillover" mechanism 
wherein hydrogen molecules dissociate on the catalytic Pd clusters and then 
diffuse, probably across and/or through the clusters, to the substrate where the 

*T. B. Fryberger and S. Semancik, Sensors and Actuators, work in progress. 
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hydrogen atoms can interact with the semiconducting Sn0 2 to increase its 
conductance. The irreversibility of the response to H z at 400K is thought to be 
due to adsorbed hydrogen remaining on the surface at this temperature (ref. 12). 

Figure 5 (steps 4 and 5) also shows that the conductance decreases to well 
below the starting point (step 1) upon exposure to 0 2 . It should be pointed out 
that, as in the case of H 2 , the bare substrate shows no response to 0 2 at 400K, 
indicating that the surface is activated toward oxygen by the Pd clusters (ref. 

12). Since adsorbed hydrogen is most likely present on the surface (as discussed 
above) , it is probable that chemisorbed oxygen reacts with the hydrogen atoms to 
form volatile water molecules .(refs. 13,14). This would return the conductance only 
to its initial value (step 1), however. The fact that the conductance decreases an 
additional 30% suggests that oxygen must adsorb on the surface, in addition to 
reacting with adsorbed hydrogen (although a small amount of this additional 
decrease may be due to reaction of oxygen with residual hydrogen in the Pd 
clusters). It is well established that 0 2 dissociates on, but does not oxidize, Pd 
surfaces in this temperature range (refs. 13-15). It is possible that the response 
of the Pd/Sn0 2 surface toward 0 2 is then produced by spillover of chemisorbed 
oxygen atoms, similar to that occurring for hydrogen. Note that the response to 
even less reversible upon evacuation (step 5) than the response to 
hydrogen (step 3). This irreversibility is most likely due to the presence of 
chemisorbed oxygen, which desorbs only above 400K, as in the case of hydrogen. 

The results in figure 5 suggest that the 400K response of Pd/Sn0 2 to H 2 in the 
presence of oxygen is, to a large extent, due to reactions of chemisorbed species, 
both with the surface and with each other. To show that reactions between 
chemisorbed species are important, He + ISS experiments using isotopically labeled 
oxygen were performed (ref. 12). ISS is particularly useful here because of its 
top layer sensitivity, allowing qualitative determination of the atomic composition 
at a sample surface. The results are shown in figure 6 where the oxygen region of 
the ISS spectrum can be seen for a 3 ML Pd/Sn0 2 (110) surface (a) before exposure to 
any gases, (b) after exposure to 10' 5 mbar of 18 0 2 at 400K, and (c) after exposure 

the surface in (b) to 10 5 mbar of H 2 at 400K. The spectrum in figure 6a 

represents the surface lattice oxygen signal since no gas exposures have been 

performed. It is seen in figure 6b that 18 0 is clearly distinguishable from 16 0 

and that approximately 1/3 of the total signal is due to 18 0. When the surface is 
then exposed to hydrogen (figure 6c), essentially all of the 18 0 signal is 
attenuated, indicating that hydrogen preferentially reacts with the 18 0. The most 
likely explanation for this is that 18 0 is a chemisorbed, rather than a lattice 
oxygen species. These results provide strong evidence that the reaction 

2H ads + Oads > H 2 0 gas 

is a primary mechanism for the large conductance changes seen in figure 5 (steps 4 
and 6). Whether this reaction takes place on the Pd particles, on the Sn0 2 
substrate, or on the boundaries between the two materials remains to be determined 
(ref. 12). 


CONCLUSIONS 

Multi- technique surface analytical studies of Pd-dosed Sn0 2 (110) samples have 
been performed in a step-wise manner to investigate the role of catalytic additives 
in gas sensing. It was found that metallic Pd clusters on a nearly unperturbed 
Sn0 2 substrate can be formed by evaporating Pd onto the well-oxidized, nearly ideal 
Sn0 2 (110) surface at room temperature. By combining the surface techniques with 
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electrical gas response measurements, we showed that, at 400K, the response of the 
sensor to H 2 , in the presence of 0 2 , is dominated by the water forming reaction 
between chemisorbed hydrogen and oxygen. Further work will focus on using gas 
mixtures to simulate more realistic sensing environments. These studies 
demonstrate the utility of combining basic research tools (e.g. surface science) 
with simulations of actual operating conditions for understanding the mechanistic 
aspects of device (e.g. sensor, catalyst) operation. 
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INTENSITY (Arbitrary Units) 


MULTI-TECHNIQUE CHARACTERIZATION SYSTEM 



Figure 1. Schematic of the multi -technique surface analytical facility used to 
characterize sensor materials and processes. 




Figure 2. XPS core level (a) Sn 3d and (b) Pd 3d spectra for various Pd coverages 
on oxidized Sn0 2 (110). 
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INTENSITY AT E F (counts / second) 


METALLIC NATURE OF OVERLAYER 


Figure 4 



UPS photoelectron intensity at the Fermi level, N(E F ), and 4-point 
conductance as a function of Pd coverage for deposition on oxidized 
Sn0 2 (110) . 



Figure 5. Conductance versus time for sequential hydrogen and oxygen exposures of 
the 3 ML Pd/Sn0 2 (110) surface at 400K. All gas exposures were performed 
at a constant pressure of 10" 5 mbar. Refer to text for further details. 
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Figure 6. Ion scattering spectroscopy for 3 ML Pd/Sn0 2 (110) surface after a) 500K 
anneal for 3 minutes in UHV ; b) exposure of the surface in a) to 10 5 
mbar 1 8 0 2 at 400K for 5 minutes; and c) exposure of the surface in b) to 
10“ 5 mbar Hn at 400K for 5 minutes. 




